Introduction
One-dimensional (1-D) noble metallic nanoscale materials, particularly silver or gold have been attracting wide interest due to their unique optical, electronic, catalytic and mechanical properties. Recently significant interest has been devoted to ultrasensitive detection of trace analytes down to a single molecule level. Various strategies to lower the detection limit for fluorescence-based sensors include increasing the signal from fluorescent dyes that indicate the presence of a specific analyte. Metals such as gold and silver with nanometer scale dimensions (in the 1-100 nm range) exhibit a remarkable optical effect known as localised surface plasmon resonance (Hutter and Fendler 2001 , Lakowicz et all 2002 , Geddes et all 2003a , Geddes et all 2003b ,Liebermann and Knoll 2000 , Tarcha et all 1998 , Tarcha et all 1999 , Sokolov et all 1998 , Kummerlen et all 1993 , Felidi et all 1999 , Jensen at all 2000 , which is due to resonant photons inducing coherent surface plasmon oscillations of their conduction band electrons. The confinement of the surface plasmon resonance to the nanoparticle dimensions can increase the amplitude of electromagnetic wave by as much as orders of magnitude. This strong electromagnetic field decays exponentially over a distance comparable with nanostructures size. Correspondingly, light intensity near such nanostructures (proportional to the square of the wave's amplitude) is also significantly increased. In such a way noble metal particles through plasmonic confinement, effectively focus resonantly coupled light. As a result, all radiative properties of molecules in proximity of such nanoparticles, such as light absorption, fluorescence, Rayleigh scattering and Raman scattering can be enhanced by orders of magnitude, when certain conditions are met. In particular, metal nanoparticles can modify the properties of close fluorophores. The presence of a nearby metallic nanoparticle can not only enhance fluorophore quantum yield but also stabilize adjacent fluorophores against photobleaching, further enhancing their utility in fluorescence sensing and imaging. However, when fluorophores are very close to the metal surface, the fluorescence quenching effect competes with these favorable effects 2 and it dominates within 5 nm from the surface of metallic particles. At larger distances, the enhancement starts to override the quenching and it reaches its maximum at about 10 nm from the metal surface (Kerker et all 1982, Gersten and Nitzan 1985) . At larger metalfluorophore separation, the enhancement effect progressively decreases. Early studies using colloidal silver or silver fractals deposited electrochemically on glass substrates showed substantial enhancement of fluorescence in the visible range (Geddes et at all 2003a , 2003b , Sokolov et all 1998 , Kummerlen et all 1993 . Larger enhancements were created using more precisely controlled, regular arrangements of noble metal nano-structures (Corrigan at all 2006 , Corrigan et all 2005 . Uniform arrays of nanostructures produced narrower resonances; allowing better control of the scattered light and optimization of spectral overlap between the metal particle plasmon resonances and absorption/emission of fluorescent molecules. Fluorescence intensities of up to 350 times of the original value on a bare glass surface had been observed for Ag nanoparticles on an "active" substrate (Guo et all 2008a , Guo at all 2008b and even higher enhancement factors have been theoretically predicted. Since last decade it has been anticipated that noble metal nanorods and nanowires offer exceptional potential to modify electromagnetic fields, on the basis of their apparent similarities to simple antennas. Indeed, Schatz et al (Hao and Schatz 2004) have theoretically calculated that isolated nanorods and nanowires show the highest electromagnetic (EM) field enhancement at their ends compared to other nanoparticle shapes, making them potentially attractive substrates for metal enhanced fluorescence (MEF), but very few reports to-date have reported relevant experiments. In our previous work (Goldys at all 2007) we showed that the nanowires were responsible for the fluorescence amplification factors of up to two orders of magnitude. Such amplification factors were induced by plasmon resonance in the nanowires but they were also due to the fact that these nanowires with high aspect ratio and sharp tips act as antennas for the radiating emission from fluorophores. Even higher enhancements can be expected for nanorods aligned end-to-end in one dimension. In such configuration large electromagnetic fields at the neighbouring nanorods can be coupled and used for sensing of single molecules. In this chapter we explain unique, highly tuneable optical properties of gold and silver nanorods and briefly describe their synthesis. Further, we discuss functionalisation of silver and gold nanorods, designed to bind these nanorods to proteins labelled with fluorophores. These fluorophores are selected so that their excitation-emission characteristics provide the best overlap with plasmon resonances. These nanorods are then used to form well controlled arrays on glass substrates. Here we discuss various arrangements including glass substrates with thin continuous noble metal layer separated by a dielectric spacer from the nanorods. We also show various nanoantenna designs, modelled using Finite Element Method, which are able to efficiently couple light in and out of fluorophores.
Optical properties of metal nanorods and their effect on fluorescence enhancement
The extinction spectrum of metal nanoparticles consists of two components: scattering and absorption, whose relative contributions depends on size and shape of the nanoparticle. The scattering component is known to be responsible for fluorescence enhancement and the absorption component for fluorescence quenching. Another important parameter, the scattering quantum yield, η, was defined by El Sayed et al. (Lee and El-Sayed 2005) as the ratio of the scattering cross section sca to the extinction cross section ext of the nanoparticle:
Here the extinction cross section is obtained from the imaginary part of the nanoparticle polarizability and k is the wavevector of light (k=2π/λ):
The scattering cross-section is also related to polarisability as:
The polarizability is defined through the relationship of the dipole moment p induced by the applied field E 0
In order for metal nanoparticles to strongly enhance fluorescence several conditions must be met. One of the most important is the spectral overlap of the resonant plasmon position in the metal nanoparticle with excitation/emission spectrum of the fluorophore (Chen et all 2007) . The fluorescence enhancement also depends on nanoparticle geometry. This is because only the scattering component of the extinction spectrum of metal nanoparticles contributes to the fluorescence enhancement and its magnitude compared to the absorption component depends on size. For example, it starts to dominate for spherical nanoparticles larger than ~50 nm for silver and ~80 nm for gold. Another important aspect of the plasmon resonance is its linewidth as narrow resonances lead to higher enhancements and higher sensitivity to the local changes in dielectric constant of the environment, which can be also used for molecular sensing. When plasmon oscillations are generated in the metal nanoparticle, they are subject to a number of processes which dampen the collective oscillations and result in the plasmons decay. The plasmon resonance linewidth is inversely proportional to the lifetime of the plasmon and it provides a measure of this decay process. Damping can occur either through radiative or nonradiative processes. Radiative damping occurs when the oscillating dipole moment of the plasmon gives rise to photon emission. Nonradiative damping occurs when the plasmon excites intraband or interband electronic transitions within metal particle or through electron scattering processes at the surface of the nanostructure. Plasmon position and near-field electric fields created near metal particles can be additionally very strongly affected by nanostructure arrangement. Metal nanostructures can enhance or quench fluorescence by modifying radiative and nonradiative emission rates of the fluorophore as a result of interactions of their plasmon resonances with absorption/emission bands of fluorophore. This effect is observed by changes in fluorophore quantum yield, and its lifetime. Nanorods have particularly favourable optical properties for fluorescence enhancement due to their high tunability of position of plasmon resonances, polarization sensitivity and their long dephasing times leading to strong, narrow spectral resonances.
Tunability of resonance
In 1912, Gans (Gans 1915) predicted that for very small ellipsoids, where the dipole approximation is satisfied, the surface plasmon mode splits into two distinct modes. This is a consequence of the surface curvature, which classically determines the restoring force or depolarization field that acts on the population of confined conduction electrons. He quantified the response as a function of the ellipsoid aspect ratio. For such oblate and prolate spheroid geometry analytical solutions have been found. In this case methods such as discrete dipole approximation (DDA) and numerical calculations such as T-matrix method are commonly used. Schatz and co-workers have recently reviewed this computational approach (Kelly at all 2003) , which can be successfully applied to nanorods, nanowires and nanocylinder structures as confirmed by very good agreement of the calculated and experimentally measured resonance spectra for such particles. According to Gans's formula, the polarizability of an ellipsoidal metal particle along the x (y,z) axis is given by:
Here a, b and c refer to the length of the ellipse along the x, y and z axes (a > b = c), is the dielectric function of metal, the dielectric constant of the medium at optical frequencies and L x,y,z is the depolarization factor for the respective axis, which is given by:
Here, e is the rod ellipticity given by e 2 = 1−(b/a) 2 which can be also rearranged and expressed as a function of the aspect ratio = / . For a sphere e = 0 and L = 1/3 and Equation /6/ becomes:
where V is the nanoparticle volume. As it is clearly seen by comparing equations /6/ and /9/, for the same effective volume of the nanoparticle, the spectral tunability of the plasmon resonance for elliptical particle is much larger, and it is more sensitive to the aspect ratio than to the absolute particle size. Finally the extinction of light is related directly to the polarizability by relationship in Equation /3/ and for an assembly of randomly oriented N ellipsoids the extinction coefficient can be calculated according to Gans formula.
where V is particle volume and and are real and imaginary components of dielectric function of metal nanoparticle and is the incident light wavelength. For ellipsoidal nanoparticles the resonances for light polarized in the longitudinal (LE) direction (along the long axis of the particle) and in transverse (TE) direction are different, hence two peaks are observed in the absorption spectra for randomly oriented assembly of nanorods corresponding to LE and TE modes as calculated according to Equation /10/ and shown in Figure 1 . These relationships show that size and shape of the nanoparticle can control the plasmonic resonances, and thus by varying nanoparticle geometry it is possible to synthesize materials with tuneable extinction spectra. Gans's equations also predict that the LSPR position varies linearly with aspect ratio for small ellipsoids embedded in the same medium and that for the same aspect ratio nanoparticles their plasmon peak position will red shift, when the dielectric function of the surrounding medium increases. These attractive properties motivated intense experimental efforts to develop controlled synthesis of metal nanorods summarised recently in several reviews (Huang et all 2009 , Perez-Juste et all 2005 . Fig. 1 . Calculated absorption spectra of elongated ellipsoids with varying aspect ratios R using Equation /10/. The medium dielectric constant was fixed at a value of 4. The short wavelength peak corresponds to the transverse mode resonance, and the long wavelength one to longitudinal resonance which is very sensitive to the aspect ratio R. The inset shows a plot of the peak of the longitudinal plasmon band determined from the calculated spectra as a function of the aspect ratio. The solid line is a linear fit to the data points. (Reprinted from Reference Link at all 1999). Figure 2 shows that by varying the aspect ratio of gold nanorods it is possible to adjust the plasmon resonance position in a broad spectral range (530 -1200 nm), but the optimum scattering efficiency is reached for the nanorods with an aspect ratio of 3.4 (Figure 2 b) and for the rod diameter of 60 nm (Figure 2 c). The double peak character of extinction spectra for nanorods allows to predict that uniformly oriented ellipsoids and cylinders should exhibit strong, polarization-dependent optical spectra with tunability of enhancement for two different fluorophores. Khlebtsov at all (Klebtsov 2007) used T-matrix formalism to study the multipole resonances in long gold and silver nanorods whose shape was modeled by prolate spheroids and cylinders with flat or semispherical ends. The particle diameters and aspect ratio were varied from 20 to 80 nm and from 2 to 20, respectively. They found that the parity of a given spectral resonance number n coincides with the parity of their multipole contributions l, where l is equal to or greater than n, and the total resonance magnitude is determined by the lowest multipole contribution. According to their calculations, multipole resonance wavelengths also obey a universal linear scaling behaviour when plotted versus the particle aspect ratio divided by the resonance number. This remarkable property of multipole resonances can be understood in terms of a simple concept based on plasmon standing waves excited in metal nanowires by an electric field of incident light (Schider et all 2003) . The refractive index sensitivity of the multipole resonance wavelength to a dielectric environment also exhibits linear scaling properties. Specifically, the relative shift of the resonance wavelength is proportional to the relative refractive index increment with a universal angular slope coefficient. 
Surface plasmon resonance linewidth and dephasing time
Sönnichsen (Sonnichen et all 2002) and co-workers studied the dephasing of plasmons in single gold nanoparticles and their results are presented in Figure 3 . They have found a pronounced reduction of the plasmon dephasi n g r a t e i n n a n o r o d s c o m p a r e d t o s m a l l nanospheres due to suppression of interband damping. In comparison to the same volume nanospheres, the examined rods showed also much weaker radiation damping. These findings explained higher light-scattering efficiencies and larger local-field enhancement factors for nanorods as compared with nanospheres; features that are especially beneficial for MEF applications. Other authors (Novo et all 2006 , Hu et all 2008 attempted to determine the optimum nanorod geometry that gives rise to the longest plasmon lifetimes by examining plasmon linewidths for nanorods of various width, but with identical aspect ratios. As expected, with the increase of the nanorod width the linewidth broadening was observed due to the increased radiation damping for larger volumes. However, such broadening was also observed for small nanorod width, due to increased surface scattering contribution. It was
(c)
found that the optimised nanorod diameter is in the range of 10-20 nm, leading to the narrowest plasmon spectra and the strongest near-field enhancements. (150, 100, 80, 60, 40 , and 20 nm from left to right). Lines: theoretical simulations. Some selected aspect ratios b/a are indicated in the figure. (b) The same data plotted as quality factor Q = E res /G which is expressed as a ratio of extinction intensity at resonance to FWHM of plasmon peak. Reprinted from Ref (Sonnichsen at all 2002) .
Near field effect and coupling
Near field effect around nanoparticle depends on the particle type, size and shape. Silver is known to give more pronounced near field effects than gold due to less pronounced resonance damping by interband electron transitions, as it is known to have a higher energy separation between LSPR and interband absorption. High curvature nanoparticles give a strong field enhancement due to lightning rod-effect (Gersten 1980 ) . Schatz and co-workers used DDA calculations (Hao et all 2004a (Hao et all , 2004b to compare the electric field enhancement for nanoparticles of various shapes, showing that rods and spheroids with similar sizes and optimum aspect ratios of 3.4 produce similar enhancement in the range of >10 3 , which are one order of magnitude larger than for spheres. The nanorod shows elevated electric fields (EF) at the ends of their long axis while the field is weakest at the centre of the rod and they were slightly higher than EF for spheroid of the same length and diameter as nanorod.
When plasmonic nanostructures are brought in close proximity to one another, their nearfields interact resulting in strong coupling. This effect was observed and most accurately quantified for electron lithographically produced gold and silver nanodisk pairs where clear trends were observed and confirmed by theoretical calculations. Coupled nanorods provide an attractive geometry, due to large oscillator strength and tunability of longitudinal plasmon mode. They were studied in various configurations: side-by-side, end-to-end and at various angles to each other (Funston et all 2009 , Slaughter et all 2010 . For two identical nanorods, the side-by-side geometry showed a blue-shift of the londitudinal mode and a red-shift of the transverse mode. The end-to-end geometry shows a red-shift of the longitudinal mode with a minor change in the transverse mode compared to the single nanorod spectra (see Figure 4 left). For different size nanorods arranged in the end-to-end geometry an additional antibonding dimer mode was observed on the blue side of the bonding mode peak (Figure 4 right). 5, 42.4, 28.2, 14.1, 7.1, 5.3, and 3 .5 nm with smaller separations more red shifted. Inset: Fractional shift of the longitudinal plasmon band as a function of interparticle distance scaled for rod length. The point at Gap/Rod-Length equal 3 represents the plasmon resonance of a fully decoupled rod with the same dimensions as those in the dimer. Reprinted from Ref (Funston at all 2009) . Right: Integrated darkfield scattering spectra with varying angular offset for the pair of same size gold nanorods (b) and for a pair with increasing the length of the right rod starting from 80 x 30 nm in increments of 10 nm =right rod length/left rod length (c). All spectra are normalized to the linear homo-dimer case. Reprinted from Reference (Slaughter et all 2010).
Su et al (Su et all 2003) demonstrated that the resonant wavelength peak of two interacting cylindrical particles is also red-shifted from that of a single particle because of near-field coupling. They found that the shift decays approximately exponentially with increasing particle spacing and becomes negligible when the gap between the two particles exceeds about 2.5 times the particle axis length. The change in plasmon position Δλ in respect to plasmon position without coupling λ0 follows a phenomenological equation:
where is proportionality factor, s is the interparticle spacing, D is the diameter for cylindrical particles or length of long axis in the nanorods and is the decay length with the value around 0.2. This equation emphasises that Δλ/λ 0 is the same for all particles with the same s/D values. This behaviour, termed as "Universal Scaling Law", is a result of interplay of nanoparticle polarizability, which varies as the cubic power of the nanoparticle size and the plasmonic near field coupling, which varies as the inverse cubic power of the distance. It is useful to predict the coupling response from a wide variety of nanostructures. The universal scaling behaviour makes it possible to predict plasmon position shifts upon coupling between homogenous metal particles but is not able to predict the exact plasmon position or near-field strength.
Nanorod fabrication 3.1 Synthesis methods
Gold nanorods are most often prepared by a seed-mediated approach developed by Murphy's group in 2001 (Jana et all 2001a , 2001b , Murphy at all 2005 in which spherical 'seed' nanoparticles (4 nm diameter) are added to the growth solution containing gold salt, silver nitrate, ascorbic acid, and cetyltrimethylammonium bromide (CTAB) leading to the formation of gold nanoparticles having a rodlike morphology ( Figure 5 ). Gold salt in the growth solution is slowly reduced in the presence of 'seed' particles while the growthdirecting agent, CTAB, facilitates rod formation by preferentially binding to the side facets of the nanoparticle. The amount of silver nitrate additive is varied to alter rod length which is controlled by under-potential deposition of silver on the gold nanorod surface. Once synthesized, gold nanorod suspension is purified via centrifugation to remove excess CTAB, unreacted metal ions, and ascorbic acid. This step is important as failure to remove unreacted species will result in morphological changes over time and also to prevent cytotoxicity due to residual CTAB. The same method can be applied to produce silver nanorods. In this case the seed-mediated method uses silver 'seed' nanoparticles prepared by the reduction of silver by strong reducing agent such as sodium borohydride. Gold nanorods are very stable for all aspect ratios but low aspect ratio silver nanorods are usually unstable on the timescale of minutes in air and in light, tentatively attributed to a photooxidation process that releases Ag + . However, silver nanowires that are 30 nm in diameter, but up to a dozen microns long, are very stable in these conditions. In 2003, El-Sayed (Nikoobakt and El Sayed 2003) proposed two modifications to this method: replacing sodium citrate with a stronger CTAB stabilizer in the seed formation process and utilizing silver ions to control the aspect ratio of gold nanorods. This protocol includes two steps: 1) synthesis of seed solution by the reduction of an auric acid in the presence of CTAB with ice-cold sodium borohydride and 2) the addition of the seed solution to Au + stock solution in the presence of CTAB which is obtained by the reduction of HAuCl 4 with ascorbic acid. Silver nitrate is introduced to the gold solution before seed addition to facilitate the rod formation and to tune the aspect ratio. This method produces high yield gold nanorods (99%) with aspect ratio 1.5 to 4.5 and it avoids repetitive centrifugations. In order to grow nanorods with higher aspect ratios a co-surfactant bezyldimethylhexadecylammonium chloride (BDAC) is introduced to the original solution. By adding this surfactant it is possible to produce nanorods with aspect ratios up to 10 by changing silver concentration (Nikoobakt and El-Sayed 2003) . With the Pluronic F-127 co-surfactant system nanorods with aspect ratios up to 20 were produced with good monodispersity (Iqbal et all 2007) . In both methods, the yield, monodispersity, size and fine details of gold nanorods shape are affected by multiple parameters such as seed concentration, size, structure, ascorbic acid and surfactant concentration, the use of other surfactants, additives, solvents and even the aging time. Figure 6 ). The same group synthesized Ag nanowires with higher aspects ratios by injection of ethylene glycol (EG) solutions of AgNO 3 and PVP, added dropwise, at a constant solution temperature of 160 °C (Chen et all 2007 , Chen et all 2002 . In the polyol process, the introduction of an exotic reagent is considered to be the key factor that leads to the formation of wire-like structures. In their experiments, Ag nanowires are generated using a self-seeding process and EG acts as both solvent and reducing agent, with addition of a trace amount of salt, such as NaCl, Fe(NO) 3 , CuCl 2 and CuCl to assist one-dimensional growth. For the formation of silver nanowires, low precursor concentrations and slow addition rates are necessary. By controlling the injection rate, multiple-twined particle formed at the initial stage of the reduction process serve as seeds for the subsequent growth of silver nanowires. It was found that the morphologies and aspect ratios of Ag nanowires strongly depend on the molar ratio between the repeating unit of PVP and AgNO 3 . When the molar ratio between PVP and AgNO 3 was more than 15, the final product was essentially composed of silver nanoparticles. When the molar ratio decreased to 6, the resulting product contained mainly nanorods. Using this method, the authors demonstrated high throughput synthesis of Ag nanorice with well controllable aspect ratios (Iqbal et all 2007) and pentagonal silver nanorods Liang et all 2009). Other methods for gold or silver nanorod synthesis include the electrochemical method (Pietrobon et all 2009 , Goldys et all 2007 in which nanorods are grown in an electrolytic solution between two electrodes under controlled currents or template based methods (e.g. synthesis of particles confined within cylindrical membrane pores or synthesized around cylindrical particles). Template-related approaches have been performed with porous anodic aluminum oxide membranes, carbon nanotubes or block copolymers (Nicewarner-Pena et all 2001) . Other advanced fabrication methods such as electron-beam lithography (EBL) were also used to achieve high level of control over shape, position and arrangement of gold or silver nanorod structures (Yu at all 1997, Smythe et all 2007 , Billot et all 2006 . Assemblies of nanorods with long axis of the nanorods protruding from substrate were also obtained by oblique angle vacuum evaporation (Chaney et all 2005 , Liu et all 2006 . Examples of synthesised silver and gold nanorods are shown in Figure 5 and Figure 6 . 
Surface modification
Introduction of surface modification makes it possible to increase stability, facilitate surface chemistry, tune plasmonic properties and broaden practical applications of metal nanorods. For instance, by introducing silver coating on gold nanorods surface it is possible to increase metal enhanced fluorescence due to reduced plasmon damping and to provide a broader spectral range by controlling plasmon peak position. Silica coating can be used to control spacing from the metal surface, it prevents quenching due to FRET and induces red-shift of plasmon resonance position. Silver over-coating is usually carried out by the reduction of silver nitrate with ascorbic acid at base condition in the presence of gold nanorods and a stabilizing agent such as citrate, CTAB and PVP and the silver thickness is controlled by tuning the concentration of silver precursor. Silicon coatings are produced on silver or gold nanorods by dispersing nanorods in solution with 3-mercaptopropyl trimethoxysilane (MPTMS) or 3 mercaptopropyl triethoxysilane (MPTES) and adding aqueous sodium silicate (Obare et all 2001) .
Bioconjugation
Biological detection methods based on fluorescence require controlled, specific binding protocols in which signal from fluorescent dye attached to signalling molecule is measured and quantified. To take advantage of the effect of MEF the biological molecule with fluorophore is either attached directly to the nanostructured metal surface or through another molecule using highly specific binding protocols. There is also a fast, growing interest in using gold nanorods in imaging applications of cells in both in vivo and in vitro due to their exceptional light scattering properties and relatively intense two-photon luminescence (Mohamed et all 2000) . One of the reasons that MEF has not been intensely explored for colloidal silver or gold nanorods is the fact that during their synthesis complex organic molecules such as CTAB or PVP remain on their surface and these molecules are not suitable for biological binding protocols without exchange or complex modifications. Conjugation of biomolecules to gold or silver nanorods can be divided into four different methodologies: direct ligand exchange, the use of biofunctional linker, surface coating and electrostatic absorption. Similarly to other types of gold or silver nanoparticles, thiol exchange is the most common way to replace the capping molecules, since the metal-sulfur bond is known to be stronger than bonds with alternative functional groups (i.e., amines, carboxylic acids, alcohols, and phosphors). Molecules, such as PEG (Grand et all 2003) , DNA (Niidome et all 2006) , or lipids (Yelin et all 2003) are firstly functionalized with an alkythiolated linker and then bound to gold nanorods through Au-S bonds in a prolonged (few hours) reaction. For complete exchange, sonication and heating might be required to remove CTAB while preventing the nanoparticles from aggregation. For some biomolecules, such as antibodies and proteins, thiolation is complicated by the fact that molecules are too large to reach the gold surface due to dense packing of the CTAB double layers. In this case, small biofunctional molecules such as 3-mercaptopropionic acid (MPA), 11-mercaptoundecanoic acids (MUDA) (Brown et all 2001 , Dai et all 2008 and cysteamine (Li et all 2006) are suitable replacements. As most thiol molecules are not water-soluble, the use of organic solvents (such as ethanol and chloroform) and phase extraction are needed. This presents challenges for the modification of gold or silver nanorods as they easily aggregate in organic solvents. The easiest way to prevent this aggregation is to adsorb charged proteins, such as antibodies, by electrostatic forces. At pH higher than the isoelectric point (pI), the proteins are negatively charged, and therefore they can be directly adsorbed to metal nanorods via electrostatic attraction. However, the protein/rod ratio needs be optimized to avoid the aggregation of the nanoparticles due to charge neutralization while ensuring high loading of the protein onto the nanorods. Despite the fact that gold and silver nanorods produced by seed mediated methods are characterized by the most controllable and tunable LSPRs, more work is required to demonstrate their full potential for metal enhanced fluorescence.
Experimental examples of MEF on metal nanorods
Since the synthesis of gold nanorods with decent yield and monodispersity has been developed comparatively recently, only a few papers were published related to their application in MEF. Up to date, the majority of biological applications of metal nanorods is based on direct observation of changes in position of plasmon resonances upon binding with molecules, which can involve agglomeration, binding in end-to-end pairs or release of molecules which fluorescence is otherwise quenched, or in imaging applications, utilizing their strong anisotropic light scattering properties. Imaging applications often use dark field microscopy to improve contrast and take advantage of excellent scattering properties of metal nanoparticles. As the scattering cross-section of gold nanoparticles is very high, they offer better visibility than fluorescent dye molecules and are therefore very well suited for biomedical imaging using reflectance confocal microscopy and for in vivo imaging using optical coherence microscopy. In the case of white light illumination using simple dark field microscopy, which is suitable for cellular imaging, the particles scatter strongly around the spectral position of surface plasmon resonance making them individually recognizable by their colour that is dependent on the particle size and shape. Applications involving modifications of fluorophore emissions in close proximity to metal nanorods are just only starting to appear in literature due to limitations in commercial availability of metal nanorods with functionalized surfaces for biological conjugations.
Polarisation dependence
The geometry of nanowires and nanorods is clearly compatible with strong polarisation effects, and it is therefore surprising that this property in MEF has only just been demonstrated by Ming et al. (Ming et all 2009) . This group described strong excitation polarization dependence of the plasmon-enhanced fluorescence on single gold nanorods. The nanorods were encapsulated in a thin ~ 20 nm silica shell, while the nanorods were about 90 nm long and 42 nm wide, with an aspect ratio of ~ 2.1. The authors showed that fluorescence from the organic fluorophores (Oxazine 725 perchlorate) embedded in a mesostructured silica shell around individual gold nanorods is enhanced by the longitudinal plasmon resonance of the nanorods. This enhancement is the greatest (by a factor of 56) when the excitation energy is matched to the longitudinal plasmon energy. The polarization dependence of the plasmon-enhanced fluorescence is due to the dependence of the averaged electric field intensity enhancement within the silica shell on the polarisation of the excitation beam. Under off-resonance excitation, the electric field intensity contour around a nanorod rotates away from the length axis as the excitation polarization is varied. As expected, the fluorescence enhancement factor increases as the longitudinal plasmon wavelength is tuned close to the excitation wavelength by varying nanorod length. Furthermore, the emission spectrum of the fluorophore is modified by the longitudinal plasmon resonance of the gold nanorods, a phenomenon attributed to the enhanced probability of fluorophore transition from the excited state to a specific vibrational ground state with the transition energy close to the plasmon resonance energy. The authors did not consider the possibility of strong coupling between fluorophores and plasmons, which is also able to produce similar spectral deformations. A linear correlation between the modified emission peak wavelength and the longitudinal plasmon wavelength was observed.
Complex nanowire geometries.
It is not necessary for nanorods or nanowires to have uniform shapes in order to show attractive optical properties. Any elongated shape is capable of similar pattern of fluorescence enhancement as long as there is adequate electrical contact between nanowire subsections. This has been illustrated in the publication of He and Zhao (He and Zhao 2009) . In this work novel silver chain-like triangular nanoplate assemblies (CTNAs) were synthesized via a solvothermal approach. The shape of CTNAs was determined by synthesis parameters, including the concentration of PVP, reaction time and temperature. Each CTNA is a combination of one dimensional nanobelt and two-dimensional nanoplates. The edges of the nanoplates in the assembly are parallel to each other in order to lower surface energy. Interestingly, this novel nanostructure is able to show high enhancement factors in metalenhanced fluorescence. Typically, 88-and 13-fold enhancement in the emission intensity of dye Rhodamine B were, respectively, achieved on the surface of silver colloids and silver coated-glass. The silver nanostructures were coated with PVP to ensure nanoscale separation between the metal and fluorophores. Our own studies (Goldys et all 2007) showed that electrochemically deposited silver structures with nanowires of 50−100 nm in diameter demonstrated high up to 57 times fluorescence amplification of conjugated to HSA protein, FITC fluorophore and strongly reduced fluorescence lifetimes. Both quantities depended on the structure thickness. With increasing thickness of the silver nanostructure the fluorescence amplification proportionally increased in correlation with strongly reduced fluorophore lifetimes. This thickness dependence was caused by fluorophore interaction with plasmon excitations in coupled nanowires extending over micrometer size regions. Thus the amplification was attributed to a combination of extended structure area and strong plasmonic coupling between nanowires which also helped to radiatively scatter via lighting rod effect the fluorescence emission. Another system (Drozdowicz-Tomsia et all 2010) investigated in our group contained complex elongated silver fractal nanostructures grown on silicon. Fluorescence of Deep Purple fluorophore in this structure showed uniform enhancements (average factor of 40) dominated by emission enhancement, and this was achieved by good correlation of fluorophore emission with plasmon position for such system. 
Nanorod-modified surfaces
The advantage of columnar geometry with nanorods coating the surface was realised as early as 2005 with the work by Aslan et al (Aslan et all 2005) who attempted to create a fast an inexpensive method of metal surface modification that would show at least some advantages of nanolithography. They developed two new techniques for the deposition of silver nanorods onto conventional glass substrates. In the first method, silver nanorods were deposited onto 3-(aminopropyl)triethoxysilane (APTMS)-coated glass substrates simply by immersing the substrates in the silver nanorod solution. In the second method, spherical silver seeds that were chemically attached to the surface were subsequently converted and grown into silver nanorods in the presence of a cationic surfactant and silver ions. The size of the silver nanorods, ranging from tens of nanometers to a few micrometers, was controlled by sequential immersion of silver seed-coated glass substrates into the growth solution and by the duration of immersion. Atomic force microscopy and optical density measurements showed that the silver nanorods deposited onto the surface of the glass substrates were irregularly deposited. These new surfaces have been applied to MEF where they performed much better compared to traditional silver islands or colloid films, with amplification factors between 10 and 50. The same idea has been explored in a more recent publication from Halas group (Bardhan et all 2009) who enhanced fluroescence of an infrared dye IR800 with gold nanorods and nanoshells. Fluorescent molecules emitting at wavelengths in the physiologically relevant "water window" (700-900 nm) are of particular interest due to large penetration depth of near infrared (NIR) light in most biological media and offer the potential for imaging at significant depths in living tissues. However, achieving bright fluorescent emission with photostable and biocompatible near-IR fluorophores has proven to be extremely difficult, prior to this work. Several interdependent processes are responsible for IR800 fluorescence enhancement, these include absorption enhancement, scattering enhancement, and radiative decay rate enhancement. In this report, the scattering efficiency of a nanoparticle appeared to provide the most important mechanism for improving the quantum yield of a fluorophore. Nanorods preferentially enhance the emission of the fluorophore by absorption enhancement, owing to the high-intensity near field resulting from the longitudinal plasmon resonance. However, due to the significant difference in scattering cross sections of nanoshells and nanorods, it is apparent that nanoshells increase the coupling efficiency of the fluorescence emission to the far field more efficiently than nanorods. This explains the 40-fold fluorescence enhancement observed for IR800 bound to nanoshells compared to the 9-fold enhancement for IR800 bound to nanorods. The radiative decay rate enhancement of the fluorophore is dependent on both the scattering efficiency as well as the absorption efficiency of nanoparticles. This explains why nanorods enhance the quantum yield of IR800 by 74% as well as considerably decrease the fluorophore's lifetime.
Applications of nanorods in SERS
Surface-deposited nanorods have also been tested with respect to their surface-enhanced Raman scattering (SERS) properties (Guo et all 2009) . These authors established the correlation of the shape andposition of surface plasmon resonance with SERS properties of gold nanorods in dilute colloids. A series of gold nanorods with various aspect ratios was prepared via an improved seed-mediated technique. As discussed previously, increasing the aspect ratio finely tunes the position of the longitudinal plasmon mode of the nanorods in a wide spectral range. The subtle influence of surface plasmon resonance on SERS was then demonstrated by gradually tuning the plasmon wavelength across a fixed excitation line. The authors demonstrated that close overlap of surface plasmon and the excitation line maximizes the SERS enhancement. Tao et al. (Tao et all 2003) have earlier attempted to create a similar SERS surface by using a Langmuir-Blodgett method for silver nanorod deposition. They assembled large area (over 20 cm 2 ) monolayers of aligned silver nanowires that were 50 nm in diameter and 2-3 um in length. Their nanowires had pentagonal crosssections and pyramidal tips. They were close-packed and aligned parallel to each other. The resulting monolayers deposited on nanowires were tested for SERS with electromagnetic field enhancement factors of 2x10 5 for thiol and 2,4-dinitrotoluene, and 2 x 10 9 for Rhodamine 6G. Another example are the studies by Oyelere et al. (Oyelere et all 2007) who used nanorods to observe enhanced Raman bands from the nucleus of both cancer and noncancer cells. In this study, the nucleus localization signal from binding peptide was conjugated to gold nanorods via a thioazide linker, and the incubation of the conjugates with cells led to preferential accumulation of the nanorods inside the cellular nucleus. Using a micro-Raman spectrometer with excitation at 785 nm, DNA backbone vibration and guanine Raman bands from a single cell were clearly observed. Normal and cancer cells showed fingerprint differences which could be useful for molecular cancer diagnosis. In the recent studies by Huang et al. (Hunag et all 2007) the assembly of gold nanorods by cancer cells due to the binding of the anti-EGFR-conjugated rods to the over-expressed EGFR (epidermal growth factor receptor) on the cancer cell surface has given highly enhanced, sharp, and polarized SERS, while no SERS was observed from the majority of the normal cells.
Applications of nanorods for resonant energy transfer
While metal nanostrutcures are known to extend the range of resoanant energy transfer, there is very limited literature on the application of nanorods. Zhou et al. (Zhou et all 2010) reported efficient plasmon-mediated excitation energy transfer between the CdSe/ZnS semiconductor quantum dots (QDs) across silver nanorods array consisting of nanorods with lengths up to 560 nm. The sub-wavelength imaging and spectral response of the silver nanowire arrays with near-field point-source excitations have been also theoretically simulated. This nanowire array showed efficient exciton-plasmon conversion at the input side of the array through strong near-field coupling, directional guiding of waves and resonant transmission via half-wave plasmon modes of the nanowire array, making possible sub-wavelength imaging at the output side of the array. These advantages allow a long-range radiative excitation energy transfer with a high efficiency and good directionality.
Nanowires on metal films
A number of recent works have been focusing on using metal nanowires with a columnar morphology protruding from metal films. These films have been produced by using oblique angle deposition (OAD) technique. (Latakhia and Messier 2005, Messier and Latakhia 1999) . The growth mechanism is based on self-organized nucleation of nanoparticles and subsequent highly directional growth due to atomic shadowing of the nanoparticle flux reaching the substrate at a large, oblique angle with respect to the substrate normal. The OAD substrates have been recently used for surface enhanced Raman effect for virus detection (Shanmukh et all 2006) . The application in MEF has been d e m o n s t r a t e d o n l y r e c e n t l y ( A b d u l h a l i m e t a l l 2 0 0 9 ) . I n t h i s w o r k m e t a l e n h a n c e d fluorescence from porous, metallic sculptured thin films was demonstrated for sensing of bacteria in water. Enhancement factors larger than 15 were observed using structures made of silver, aluminium, gold, and copper with respect to their dense film counterparts. The structures used are assemblies of tilted, shaped, parallel nanowires prepared with several variants of the oblique-angle-deposition technique. Comparison between the different films indicates that the enhancement factor is higher when the tilt is either small (30 deg) or large (80 deg); thus, the enhancement is higher when only a single resonance in the nanowires is excited. Several mechanisms can contribute to the MEF from metallic OAD substrate, firstly such structures can act as reflective interfaces, secondly they constitute a porous material with high surface-to-volume ratio, and finally, metal nanorods enhance the local electromagnetic field and act as nanoantennas. The dipole-dipole coupling between neighbouring nanorods is also expected to play a role. The dipole-dipole interaction occurs when light incident on a nanorod induces across it an electric field that depends both on the shape of the nanorod and on the contributions from the neighboring nanorods. Near-field effects are important for internanorod distance much less than the wavelength while far-field effects can play a role for nanorods of larger size.
Single nanorods and MEF
Recently, Fu, Zhang and Lakowicz (Fu et all 2010) used a single nanorod to enhance emission of fluorophore molecules coupled to one of its ends. Through covalent linkages of fluorophores at the preferred longitudinal axis of the nanorods, they were able to increase the overall optical signal for improved sensitivity. Their nanorods had an average aspect ratio of 6 (ca. 80 nm in length and 13 nm in diameter) and the longitudinal plasmon band at 980 nm. Functionalization of the nanorods was performed with biotin, however only on rod ends, owing to the difficulty of replacing CTAB molecules on the sides of the nanorods. Binding of thiol molecules to the end of the gold nanorod tips was mediated by streptavidin. The functionalized nanorods were incubated with a low concentration of solution of oligonucleotides labelled with biotin and Cy5 (Biotin-3′-AGG-TGT-ATG-ACC-GGT-AGA-AG-5′-Cy5, ca. 8 nm in length) to obtain hybrid nanocomplexes. This linker molecule has been optimisted for best fluorescence enhancement. Much higher fluorophore emission rate has been clearly observed, approximately 40-fold greater than that observed in the absence of gold nanostructure. Additionally, polarization dependence of the excitation was demonstrated on a single Au nanocomplex excited at different directions. The emission intensity decreased abruptly as the excitation angle rotated 90° as for this orientation transverse plasmon excitations were excited in gold nanorods. These occur at much shorter wavelengths and out of resonance with fluorophore excitation/emission. The magnitude of the enhancement also depends on the location of the fluorophore around the particle and the orientation of its dipole moment relative to the metallic surface.
Theoretical simulations
Theoretical simulations of spontaneous emission of fluorophores coupled to nanoantennas were carried out by Giannini et al. (Giannini et all 2009) . The modification of the corresponding radiative and nonradiative decay rates and resulting quantum efficiencies was calculated by means of the rigorous formulation of the Green's theorem surface integral equations. Resonant enhancement of the radiative and nonradiative decay rates of a fluorescent molecule was shown when coupled to an optical dimer nanoantenna. A numerical example was presented comprising two silver rectangular nanowires with the dimensions of each rectangle 20 x 200 nm, with a gap of 10 nm. Upon varying the dipole position, it was possible to obtain preferential enhancement of radiative decay rates over the nonradiative counterpart, resulting in an increase of the internal quantum efficiency. For emitters positioned in the gap, quantum efficiency enhancements from the initial value of 1% to 75% was possible, however emitters that are originally more efficient can not be enhanced as much. Kappeller et al ( Keppeler et all 2007) studied locally enhanced optical fields created near tunable laser-irradiated metal nanostructures acting as local probes. Using three dimensional simulations with a commercial COMSOL Multiphysics software package based on the finite element method (FEM) they have shown electromagnetic fields near various optical antennas and optimized their geometry in order to obtain a strong enhancement in a selected frequency range and the results are shown in Figure 8 below. They compared three antenna designs: a) a self-similar antenna, which is consisting, of four overlapping gold nanospheres each smaller than the previous by scaling constant with tip of 10 nm radius, b) conical antenna, which has the same length and outside front and end curvatures as previous antenna and c) nanorod antenna, which has 200 nm length and 20 nm diameter. According to their calculations the strongest lighting rod effect was observed for self-similar antenna, slightly weaker for conical antenna and the most complex for nanorod antenna where bright and dark modes were observed at different spectral resonance conditions. This suggests that strong lighting rod effect desirable for MEF can be achieved when the length of the nanorods is carefully tuned to emission of fluorophore.
Conclusions
Silver and gold nanorods have shown excellent optical properties suitable for a wide range of applications including MEF, SERS and resonant energy transfer. In this chapter we outlined the basic theory of optical properties of the nanorods, centred around their polarisability. We highlighted the opportunities they provide to tune plasmonic properties by varying the details of nanorod shape and size. For MEF applications the key parameters of relevance are the match of fluorophore emission and excitation to plasmonic characteristics, because at these wavelengths the near-field enhancement of the electromagnetic fields are maximised. The plasmon linewidth and plasmon dephasing time are also relevant as long dephasing times lead to increased fields. The effect of interparticle coupling can also be exploited to maximise MEF, as well as the fact that complex geometries for example nanorods on a metal film may provide not only improved plasmon coupling but also better fluorescence out-coupling efficiency and high surface areas. Polarisation properties of aligned nanorods have been reported, but are yet to be exploited more fully. Theoretical work in this area is facilitated by the availability of commercial software packages such as COMSOL Multiphysics, but those attempting to use them should carefully match the simulated results with experiments, which still present a challenge. Further challenges remain in the areas of nanorod synthesis and postprocessing discussed in the second part of this chapter. These include the understanding of nanorods chemistry, their functionalisation, controllable assembly and stability. Despite this (or perhaps because of this) we expect this area to continue rapid progress, stimulated by the increasing commercial availability of nanorods including their bioconjugates and a wide range of significant applications in biosensing and bioimaging. Fig. 8 . Left: calculated field strength (|E|) for the resonance conditions and right: corresponding resonance spectra for three different antenna designs: (a) self-similar antenna at resonance = 708 nm, (c) conical antenna with resonance at 610 nm, (e) nanorod antenna with field distributions corresponding to the three extrema observed in resonance curve (f). For nanorod antenna electric field distribution (e) at ~1300 nm (right) corresponds to the /2 mode, the mode at ~650 nm (left) is the 3/2 mode and the 'dark' mode at ~780 nm (centre) corresponds to the symmetric -mode. 
